Introduction
============

Previous studies on lung sound analysis (LSA) in patients with bronchial asthma have mostly analyzed abnormal sounds and audible rales and have reported on the mechanism of lung sound generation. LSA studies on bronchial asthma have generally reported sound amplification in a high-frequency range \>400 Hz and the elevation of the median frequency *F*~50~ and/or *F*~75~, but these reports are mostly based on the analysis of rales, including wheezing.[@b1-jaa-10-099]--[@b3-jaa-10-099]

When rales are heard in asthma patients, it is reasonable to speculate that airway inflammation and narrowing are present. However, given that asthma is a chronic inflammatory disease of the airway, inflammation exists in the airway even under stable conditions with no attacks. There have been reports that breath sound frequency components were correlated with the extent of airway obstruction as assessed by an airway hyperresponsiveness test, even in the absence of wheezing.[@b4-jaa-10-099],[@b5-jaa-10-099] Other studies have reported that inspiration sound pressure at 700 Hz increased with the severity of bronchial asthma in children without wheezing, demonstrating a significant correlation of the sound pressure at 700 Hz with the forced expiratory volume in 1 second/forced vital capacity (FEV~1.0~/FVC) ratio and the maximal expiratory flow rate at 50% of the vital capacity (FEF~50%~predicted).[@b6-jaa-10-099] However, little information is available on the correlation between airway inflammation and lung sounds in bronchial asthma patients.

We have previously reported that in asthma patients who are in an attack-free period and exhibit normal sounds based on conventional stethoscope auscultation, airway inflammation can be detected by LSA at a single point in the posterior lower lung field.[@b7-jaa-10-099],[@b8-jaa-10-099]

However, existing evidence indicates that airway inflammation and sites of narrowing are found as an uneven mixture of normal and abnormal tissues rather than uniform lesions throughout the lung fields.[@b9-jaa-10-099],[@b10-jaa-10-099]

In this study, we performed LSA at 7 points in the trachea and in the anterior and posterior chest regions in asthmatic subjects who were in an attack-free, stable condition and had normal stethoscopic findings. The aim of this work was to determine whether LSA can be used for the local diagnosis of abnormal sites (with airway inflammation) vs normal sites (without airway inflammation).

Patients and methods
====================

Subjects
--------

This study included 20 healthy volunteers and 22 subjects with mild persistent bronchial asthma. Lung sound data from the 20 healthy volunteers presented in this article were previously published.[@b11-jaa-10-099] All asthmatic subjects who first visited our hospital from September 2011 to November 2014 included in this study fulfilled the Global Initiative for Asthma criteria.[@b10-jaa-10-099] All included asthmatic subjects had a history of asthmatic symptoms, including recurrent cough, wheezing, or dyspnea, and had positive airway hyperresponsiveness, ie, a provocative concentration of acetylcholine (Ach) causing a 20% decrease in FEV~1.0~ (PC~20~) of \<8000 μg/mL. Airway reversibility (ie, reversible with at least 12% and 200 mL improvements in FEV~1.0~ after bronchodilator therapy) was confirmed in 16 of the asthmatic subjects but not in the remaining 6, who exhibited normal lung function during their first visit to our hospital; these asthmatic subjects were diagnosed with bronchial asthma based on their medical history and PC~20~-positive results. Cases complicated with chronic pulmonary obstructive disease (COPD) and asthmatic subjects with cardiopulmonary disease affecting pulmonary function were excluded. All asthmatic subjects retained normal diffusion capacity, and no asthmatic subjects had previously used inhaled or oral corticosteroids. Antiasthma drugs, including bronchodilators, were discontinued for at least 24 hours prior to this examination. Wheezing was not heard during auscultation in any patient.

The ethics committee of Fukuoka National Hospital approved the study protocol (protocol number 23-14), and all participants received verbal and written study information before providing their informed consent.

Lung sound measurements
-----------------------

Breath sounds were recorded using a custom-made recording system for lung sounds in a quiet room in the hospital. The recording system comprised 7 air-coupled microphones (ECM-PC60; Sony, Tokyo, Japan), amplifiers, a pneumotachograph (SP-310; Fukuda Sangyo, Chiba, Japan), an analog-to-digital converter, and a personal computer. Microphones were attached to 7 sites on the chest wall (2 cm above the top of the episternum, bilaterally at the anterior second intercostal space on the midclavicular line, bilaterally on the back between the fifth vertebra and scapulas, and 3 cm above the lung base at the midscapular line) with a rubber-made attachment and double-sided adhesive tape (gain: 40 dB for lung sound channels, 16 dB for tracheal sound channel) ([Figure 1A](#f1-jaa-10-099){ref-type="fig"}). The breath sounds acquired by the 7 microphones were amplified and subsequently digitized with a 16-bit resolution at a sampling frequency of 12.5 kHz per channel. The recording system was calibrated using a reference sound pressure (94 dB \[0 dB =20 μPa\], 1 kHz). Airflow in the mouth was measured using the pneumotachograph and was digitized simultaneously ([Figure 1B](#f1-jaa-10-099){ref-type="fig"}).

The measurements were performed while the subject was in an upright seated position. The subjects were instructed to breathe deeply through the mouth piece of the pneumotachograph for 30 seconds. The breathing maneuver was not strictly defined; therefore, it varied according to the subject. A nose clip was used to prevent nasal breathing.

LSA procedure
-------------

The recorded sound and airflow signals were analyzed using a custom-made computer program. The program visualized the 7 lung sound channels as a spectrogram and airflow curve, simultaneously. The program scanned all the airflow data to determine the inspiratory and expiratory phases ([Figure 1B](#f1-jaa-10-099){ref-type="fig"}). Thereafter, the program scanned the lung sound data sequentially with a Hanning window of 2048 points (0.164 ms) with 50% overlap and then calculated the power spectra using a fast Fourier transform. The program yielded 6 octave band sound pressure levels (50--100, 100--200, 200--400, 400--800, 800--1600, 1600--3200 Hz) as representative variables to characterize the lung sound spectra for each segment. Thereafter, data from noise-contaminated breaths were excluded by visually inspecting the sound spectrograms. The octave band sound pressure levels were averaged for the inspiratory (*I*~SPL~) and expiratory phases (*E*~SPL~). The ratio of *E*~SPL~ to *I*~SPL~ was calculated and expressed as a linear unit (*E/I*). The investigator who analyzed the data was blinded to the related information.

Other examinations
------------------

Measurements of the flow--volume curves, the fractional exhaled nitric oxide concentration (FeNO), the bronchial hyperresponsiveness to Ach, and the induced sputum were performed in accordance with previously described procedures.[@b7-jaa-10-099]

Statistical analysis
--------------------

The Wilcoxon/Kruskal--Wallis test was performed to compare the 3 groups of *E/I* values among the asthmatic subjects (stratified by *V*~50~%pred of ≤80% vs \>80%) and healthy volunteers for each recording point and each frequency band. For all significant differences, the Steel--Dwass test was performed for all pairwise comparisons. Next, Spearman's rank test was performed on the data from asthmatic subjects for correlating *E/I*, *I*~SPL~, and *E*~SPL~ values with spirometry, logPC~20~, and FeNO data in each frequency band. A receiver operating characteristic (ROC) analysis was performed between healthy and asthmatic subjects to establish the cutoff value at each recording point.

Results
=======

Patient characteristics
-----------------------

The patient population had a mean age of 39.5 years and consisted of 7 males and 15 females. The FEV~1.0~%pred was 94.8±13.6 (mean ± standard deviation). The patient population was significantly different from the healthy population in terms of the age and sex ratio ([Table 1](#t1-jaa-10-099){ref-type="table"}).

Comparison of *E/I* in each frequency band between asthmatic and healthy subjects
---------------------------------------------------------------------------------

[Figure 2](#f2-jaa-10-099){ref-type="fig"} depicts the median *E/I* in each frequency band from the trachea (channel \[Ch\]7), anterior chest (Ch2), posterior upper (Ch4), and posterior lower (Ch6) recordings, respectively, in asthmatic subjects with *V*~50~%pred \<80%, those with *V*~50~%pred ≥80%, and healthy volunteers. The *E/I* plots based on the anterior chest, posterior upper and lower (Ch1--Ch6) recordings exhibited a negative peak centered at 100--400 Hz, as well as significantly higher *E/I* levels in the lower frequency bands up to 400 Hz, for asthmatic subjects with *V*~50~%pred \<80% compared with the healthy volunteers (*p*\<0.05). A significant difference in *E/I* was observed in the bronchial asthma patients with *V*~50~%pred \<80% vs ≥80% in the data obtained from the left and right anterior chest points (Ch1 and Ch2) and the left posterior upper and lower points (Ch4 and Ch6) in the frequency bands of 100--200 Hz and 200--400 Hz; asthmatic subjects with *V*~50~%pred \<80% had significantly higher *E/I* values than did those with *V*~50~%pred ≥80% (*p*\<0.05) ([Table 2](#t2-jaa-10-099){ref-type="table"}). In contrast, the *E/I* plots based on the tracheal (Ch7) recordings showed a positive peak in the frequency band of 400--800 Hz ([Figure 2](#f2-jaa-10-099){ref-type="fig"}). The *E/I* values monitored by tracheal recordings in asthmatic subjects with *V*~50~%pred \<80% were significantly higher than those in the healthy volunteers in the bands of 50--100 Hz and 100--200 Hz (*p*\<0.05) but not in other frequency bands ([Table 2](#t2-jaa-10-099){ref-type="table"}).

Recording position-specific correlation of *E/I*, *E*~SPL~, and *I*~SPL~ data with spirometry, PC~20~, and FeNO data in each frequency band in asthmatic subjects
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

The *E/I* values monitored at 5 recording positions, excluding the trachea (Ch7) and right posterior upper (Ch3) points, were more strongly correlated with the spirometry, logPC~20~, and FeNO data than were the *E*~SPL~ or *I*~SPL~ values. The strongest correlations of *E/I* with spirometry, logPC~20~, and FeNO were observed in the frequency bands of 100--200 Hz (low frequency \[LF\]) and 200--400 Hz (mid frequency \[MF\]). The *E/I* from the tracheal recording did not show a significant correlation with spirometry, logPC~20~, or FeNO. In contrast, the *E/I* from the left anterior chest (Ch2) and left posterior lower (Ch6) recordings exhibited a significant negative correlation with FEV~1.0~/FVC, *V*~50~%pred, *V*~25~%pred, and logPC~20~, as well as a significant positive correlation with FeNO. The *E/I* from the left posterior upper (Ch4) recording demonstrated a significant negative correlation with FEV~1.0~/FVC, *V*~50~%pred, and *V*~25~%pred and a significant positive correlation with FeNO. The *E/I* from the right anterior chest (Ch1) and right posterior lower (Ch5) recordings showed a significant negative correlation with FEV~1.0~/FVC, *V*~50~%pred, and *V*~25~%pred ([Table 3](#t3-jaa-10-099){ref-type="table"}).

Establishment of *E/I* MF cutoff (ROC analysis)
-----------------------------------------------

The ROC analysis of the *E/I* MF from each recording point in the healthy and bronchial asthma patient populations confirmed good sensitivity and specificity, with a cutoff of 0.5--0.51 for the anterior chest (Ch1 and Ch2) and dorsal upper (Ch3 and Ch4) recordings. Good sensitivity and specificity were also confirmed, with a cutoff of 0.40 and 0.47 for the right posterior lower (Ch5) and left posterior lower (Ch6) recordings, respectively ([Table 4](#t4-jaa-10-099){ref-type="table"}).

Relationship of *E/I* MF with FeNO and *V*~50~%pred values by recording position in asthmatic subjects
------------------------------------------------------------------------------------------------------

[Table 4](#t4-jaa-10-099){ref-type="table"} summarizes the *E/I* MF data according to recording point for individual asthmatic subjects; values equal to and greater than the cutoff, as established by ROC, are shown in bold. Most asthmatic subjects with FeNO ≥70 ppb had higher *E/I* MF values at all recording points as well as *V*~50~%pred \<80%. Asthmatic subjects with FeNO \<70 ppb and *V*~50~%pred \<80% had higher *E/I* MF values for most recording points. Asthmatic subjects with FeNO 38--69 ppb or those with FeNO \<38 ppb and *V*~50~%pred ≥80% were divided into groups with lower vs higher *E/I* MF values according to the recording position.

Discussion
==========

We examined asthmatic subjects using a device that can monitor lung sounds simultaneously at 7 points and analyzed the data for differences according to recording point. The results demonstrated that *E/I* LF and *E/I* MF data were better suited as indicators of airway inflammation in bronchial asthma, with the lower anterior chest (Ch2) or left posterior lower (Ch6) points being the favorable sites for recording breath sounds. The results also indicated that by recording lung sounds at 7 points, inflammation sites could be localized within the airway.

Airway narrowing in asthma is thought to be caused by an increase in airway smooth muscle tone and, to some extent, by airway wall thickening. Spirometry and airway resistance measurements are influenced primarily by larger airways because the bulk of airway resistance is located there. Small airways contribute little to these measurements because of the low velocity of air passing through them. This suggests that lung sounds are not generated in small airways but mainly in larger airways, ie, those from the trachea up to the nineth division of bronchioles.[@b12-jaa-10-099],[@b13-jaa-10-099] The intensity of lung sound pressure during breathing is influenced by respiratory flow volume and pulmonary filtering.[@b14-jaa-10-099]--[@b18-jaa-10-099] To minimize interindividual differences in the respiratory flow volume, we adopted the expiration-to-inspiration sound pressure ratio (*E/I*) as a measure. In this study, we examined the *E*~SPL~ and *I*~SPL~ values in individuals with and without bronchial asthma by partitioning the lung sound data into 6 frequency bands. This approach revealed the highest sound pressure levels in the frequency range from 50 to 100 Hz and a decreasing trend in the sound pressure level with increasing frequency. This decreasing pattern varied with recording position; the anterior chest, posterior upper, and posterior lower recordings demonstrated a linear, decreasing trend with increasing frequency, while the tracheal recording yielded a steep decline (from 400 up to 1600 Hz) followed by a plateau (data not shown). In contrast, when *E/I* was plotted on the vertical axis against frequency (in hertz) on the horizontal axis, the plots based on the anterior chest and posterior upper and lower recordings exhibited a negative peak centered at the 100--200 Hz and 200--400 Hz bands ([Figure 2](#f2-jaa-10-099){ref-type="fig"}). Asthmatic subjects with more airway narrowing showed significantly higher *E/I* values in the 100--200 Hz and 200--400 Hz bands than did those with less severe airflow limitations or healthy volunteers. In the frequency range \<100 Hz, asthmatic subjects with more airway narrowing had significantly higher *E/I* values than did healthy volunteers, but no correlation was noted with other parameters, such as respiratory function (data not shown). These results can likely be attributed to muscle- and heart-associated noises, which are more pronounced in the frequency range \<100 Hz.[@b19-jaa-10-099]

We have previously used an analysis of single-point recordings in the lung base to show that *E/I* MF is best suited for evaluating airway inflammation in bronchial asthma.[@b7-jaa-10-099],[@b8-jaa-10-099] In this analysis with multiple-point recordings, we demonstrate that the *E/I* values in the frequency bands of 100--200 Hz and 200--400 Hz (*E/I* LF and *E/I* MF, respectively) were strongly correlated with airway narrowing, hyperresponsiveness, and inflammation when the lung sounds were recorded at the anterior chest and posterior upper and lower points. We did not find a significant correlation of the *E/I* data obtained at the right posterior upper (Ch3) point with airway narrowing, hyperresponsiveness, or inflammation, and it is unknown whether this is due to recording position or to incidental events. The heart is located on the left lung side, the left bronchial tubes are narrower than the right bronchial tubes, and the left lung sounds are said to be stronger than the right lung sounds.[@b20-jaa-10-099]--[@b22-jaa-10-099] Our finding of better correlations in the left lung field than in the right lung field may be attributed to lower noise levels and stronger lung sounds. However, the tracheal (Ch7) recordings resulted in *E/I*--frequency plots that were different from those generated from the other recordings; the data from the trachea did not correlate with any asthma-indicating factor, such as respiratory function, PC~20~, or FeNO. The results of this study confirmed that analyzing *E/I* values calculated based on tracheal recordings could not adequately support the diagnosis of bronchial asthma. Therefore, recordings in lung fields other than the tracheal and right posterior regions may be recommended for diagnosing bronchial asthma using *E/I* data.

Bronchial asthma is a chronic inflammatory disease that involves the airway and leads to increased airway hyperresponsiveness. Because the location of airway inflammation varies from patient to patient, the location of airway narrowing is also variable and uneven. Wang and Xiong[@b23-jaa-10-099] reported the presence of left-to-right differences in the vibration energy caused by the respiration of asthmatic subjects. When we summarized the *E/I* MF data from asthmatic subjects by recording position along with FeNO and *V*~50~%pred values ([Table 4](#t4-jaa-10-099){ref-type="table"}), in asthmatic subjects, severe airway inflammation with FeNO ≥70 ppb was associated with high *E/I* MF values at all recording points in the anterior chest, posterior upper, and posterior lower regions. In these asthmatic subjects, these observations suggest that more generalized airway inflammation is present and that peripheral airway narrowing exists even during attack-free periods. Asthmatic subjects with FeNO \<38 ppb and *V*~50~%pred ≥80% were divided into 2 groups: one with lower *E/I* MF values at recording positions except the trachea, and the other with higher *E/I* MF values depending on the recording position. Asthmatic subjects with low *E/I* MF values are considered to be free of airway inflammation, and those with high *E/I* MF values are likely to have local eosinophilic or neutrophilic airway inflammation wherein a high *E/I* is detected. These asthmatic subjects are likely to have airway inflammation unevenly in the bronchial tubes, and the location of airway inflammation may be detected by *E/I* MF monitoring. Asthmatic subjects with FeNO 38--70 ppb, along with *V*~50~%pred ≥80% and low *E/I* MF values at all recording points, may have an elevated FeNO level due to upper respiratory tract inflammation, such as rhinitis, while maintaining normal respiratory function under stable asthmatic conditions. Asthmatic subjects with low FeNO and *V*~50~%pred levels and high *E/I* MF values are suspected to have neutrophilic airway inflammation.

Further study is required to examine differences by position in a larger sample size. In our analysis, there were significant differences in age and sex between the healthy and bronchial asthmatic populations. Lung sound data from the healthy volunteers presented in this article were previously published[@b11-jaa-10-099] and did not include immunoglobulin E data. However, these factors may not have had an impact on these results, as previous data from our laboratory suggested that sex and age do not affect the *E/I* LF or *E/I* MF values[@b7-jaa-10-099],[@b8-jaa-10-099] and the primary outcomes of this study were evidently clarified by the asthmatic subject data.

Conclusion
==========

More useful LSA parameters for the evaluation of airway inflammation in bronchial asthma are *E/I* LF and *E/I* MF, and breath sounds should be recorded at the anterior chest or left posterior lower position. *E/I* LF and *E/I* MF monitoring with 7-point lung sound recordings may be used to detect not only inflammation of the entire airway but also sites of local airway inflammation or of airway narrowing caused by airway inflammation.
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![(**A**) Seven lung sound recording positions; (**B**) lung sound analysis sonograms.\
**Notes:** The upper panel represents an airflow curve. The portions below and above the horizontal central line represent the inhalation and exhalation air flows, respectively. The vertical axis represents frequency (in hertz), and the horizontal axis represents time (in seconds). The colors indicate different sound pressure levels (in decibels \[dB~SPL~\]).\
**Abbreviation:** Ch, channel.](jaa-10-099Fig1){#f1-jaa-10-099}

![*E/I* values in each frequency band in asthmatic subjects and healthy volunteers.\
**Notes:** The vertical axis represents *E/I* values, and the horizontal axis denotes frequency bands (in hertz). The medians of *E/I* in individual frequency bands are plotted separately for patients with *V*~50~%pred \<80%, asthmatic subjects with *V*~50~%pred ≥80%, and healthy volunteers.\
**Abbreviations:** *E/I*, expiration-to-inspiration sound pressure ratio; %pred, %predicted; Ch, channel.](jaa-10-099Fig2){#f2-jaa-10-099}

###### 

Patient characteristics

  ----------------------------------------------------------------------------------------------------------------
  Characteristics                     Healthy volunteers\   Asthmatic subjects\
                                      (n=20)                (n=22)
  ----------------------------------- --------------------- ------------------------------------------------------
  Age, years                          49.4±7.4              39.5±14.0[\*](#tfn3-jaa-10-099){ref-type="table-fn"}

  BMI, kg/m^2^                        23.8±3.7              21.5±2.6

  Male/female, n                      20/0                  7/15[\*\*](#tfn2-jaa-10-099){ref-type="table-fn"}

  Asthma duration, years              --                    5.1±10.4

  Atopic/nonatopic, n                 --                    17/5

  Smoking status: non/ex/current, n   --                    15/5/0

  Smoking amount, pack-years          --                    3.1±7.3

  IgE, IU/mL                          --                    698±793

  FeNO level, ppb                     --                    90±83

   \<38 ppb, n                        --                    7

   38--69 ppb, n                      --                    5

   ≥70 ppb, n                         --                    10

  PC~20~, μg/mL                       --                    1504±2116

  logPC~20~                           --                    2.78±0.63

  FEV~1.0~/FVC%, %                    --                    78.3±8.7

  FEV~1.0%pred~, %                    --                    94.8±13.6

  *V*~50%pred~, %                     --                    72.9±26.8

  *V*~25%pred~, %                     --                    55.4±26.5
  ----------------------------------------------------------------------------------------------------------------

**Notes:** The values are presented as number or mean ± standard deviation;

*p*\<0.001,

*p*\<0.01. "Atopic" is defined as a patient having ≥1 allergen or an IgE-RAST score ≥2.

**Abbreviations:** BMI, body mass index; FeNO, fractional exhaled nitric oxide concentration; FEV~1.0~, forced expiratory volume in 1 second; FVC, forced vital capacity; IgE, immunoglobulin E; PC~20~, a provocative concentration of acetylcholine causing a 20% decrease in FEV~1~; %pred, % predicted; RAST, radioallergosorbent testing; *V*~50~, *V*~25.~

###### 

Comparison of *E/I* values in each frequency band between asthmatic subjects and healthy volunteers

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Frequency band (Hz)   Recording location              Healthy volunteers\   Asthmatic subjects                                                 
                                                        (n=20)                                                                                   
  --------------------- ----------------------- ------- --------------------- ------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------
  20--50                Ch 1: anterior chest    Right   0.76 (0.67, 0.83)     0.88 (0.86, 0.91)[\*](#tfn8-jaa-10-099){ref-type="table-fn"}       0.99 (0.89, 1.06)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 2                    Left    0.79 (0.68, 0.82)     0.96 (0.82, 1.01)[\*](#tfn8-jaa-10-099){ref-type="table-fn"}       1.00 (0.91, 1.08)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 3: posterior upper   Right   0.85 (0.73, 0.92)     0.87 (0.80, 0.91)                                                  0.87 (0.79, 1.01)

                        Ch 4                    Left    0.79 (0.70, 0.90)     0.89 (0.82, 0.98)                                                  0.93 (0.81, 1.10)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}

                        Ch 5: posterior lower   Right   0.85 (0.74, 1.00)     0.89 (0.82, 1.00)                                                  0.98 (0.93, 1.04)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}

                        Ch 6                    Left    0.85 (0.75, 0.94)     0.91 (0.87, 1.01)                                                  1.08 (0.94, 1.18)[\*](#tfn8-jaa-10-099){ref-type="table-fn"}

                        Ch 7: trachea           --      0.72 (0.69, 0.82)     0.81 (0.67, 0.99)                                                  0.83 (0.73, 0.91)

  50--100               Ch 1: anterior chest    Right   0.61 (0.54, 0.68)     0.76 (0.66, 0.90)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}   0.87 (0.79, 1.03)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 2                    Left    0.62 (0.54, 0.65)     0.71 (0.61, 0.85)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}   0.91 (0.83, 0.94)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 3: posterior upper   Right   0.75 (0.55, 0.81)     0.81 (0.74, 0.92)                                                  0.95 (0.72, 1.06)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}

                        Ch 4                    Left    0.69 (0.62, 0.85)     0.76 (0.67, 0.93)                                                  0.95 (0.83, 1.06)[\*](#tfn8-jaa-10-099){ref-type="table-fn"}

                        Ch 5: posterior lower   Right   0.66 (0.56, 0.86)     0.79 (0.66, 0.99)                                                  0.96 (0.88, 1.07)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 6                    Left    0.66 (0.55, 0.80)     0.73 (0.67, 1.01)                                                  0.99 (0.85, 1.17)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 7: trachea           --      0.64 (0.49, 0.76)     0.77 (0.61, 0.88)                                                  0.86 (0.77, 0.89)[\*](#tfn8-jaa-10-099){ref-type="table-fn"}

  100--200              Ch 1: anterior chest    Right   0.45 (0.35, 0.56)     0.63 (0.52, 0.70)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}   0.77 (0.70, 0.87)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#](#tfn9-jaa-10-099){ref-type="table-fn"}

                        Ch 2                    Left    0.42 (0.37, 0.46)     0.39 (0.37, 0.60)                                                  0.68 (0.63, 0.74)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#](#tfn9-jaa-10-099){ref-type="table-fn"}

                        Ch 3: posterior upper   Right   0.54 (0.44, 0.65)     0.65 (0.57, 0.94)                                                  0.85 (0.63, 0.98)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}

                        Ch 4                    Left    0.52 (0.39, 0.59)     0.45 (0.39, 0.70)                                                  0.75 (0.62, 0.89)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#](#tfn9-jaa-10-099){ref-type="table-fn"}

                        Ch 5: posterior lower   Right   0.47 (0.40, 0.68)     0.60 (0.45, 0.70)                                                  0.75 (0.63, 0.93)[\*](#tfn8-jaa-10-099){ref-type="table-fn"}

                        Ch 6                    Left    0.45 (0.36, 0.56)     0.47 (0.40, 0.59)                                                  0.73 (0.67, 0.87)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#\#](#tfn10-jaa-10-099){ref-type="table-fn"}

                        Ch 7: trachea           --      0.61 (0.48, 0.73)     0.81 (0.69, 1.04)                                                  0.93 (0.67, 1.16)[\*\*\*](#tfn6-jaa-10-099){ref-type="table-fn"}

  200--400              Ch 1: anterior chest    Right   0.45 (0.32, 0.53)     0.57 (0.43, 0.60)                                                  0.70 (0.63, 0.85)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#\#](#tfn10-jaa-10-099){ref-type="table-fn"}

                        Ch 2                    Left    0.37 (0.33, 0.46)     0.40 (0.28, 0.59)                                                  0.66 (0.57, 0.76)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#](#tfn9-jaa-10-099){ref-type="table-fn"}

                        Ch 3: posterior upper   Right   0.38 (0.35, 0.50)     0.53 (0.39, 0.68)                                                  0.66 (0.57, 0.78)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 4                    Left    0.43 (0.30, 0.54)     0.38 (0.27, 0.48)                                                  0.67 (0.51, 0.79)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#](#tfn9-jaa-10-099){ref-type="table-fn"}

                        Ch 5: posterior lower   Right   0.31 (0.23, 0.43)     0.37 (0.32, 0.52)                                                  0.59 (0.47, 0.68)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"}

                        Ch 6                    Left    0.37 (0.26, 0.46)     0.36 (0.32, 0.56)                                                  0.69 (0.49, 0.72)[\*\*](#tfn7-jaa-10-099){ref-type="table-fn"},[\#](#tfn9-jaa-10-099){ref-type="table-fn"}

                        Ch 7: trachea           --      0.83 (0.63, 0.94)     0.98 (0.68, 1.30)                                                  1.03 (0.78, 1.27)

  400--800              Ch 1: anterior chest    Right   0.61 (0.45, 0.76)     0.63 (0.50, 0.78)                                                  0.69 (0.67, 0.83)

                        Ch 2                    Left    0.52 (0.39, 0.67)     0.71 (0.38, 0.82)                                                  0.59 (0.50, 0.94)

                        Ch 3: posterior upper   Right   0.58 (0.42, 0.79)     0.58 (0.51, 0.73)                                                  0.71 (0.58, 0.79)

                        Ch 4                    Left    0.53 (0.39, 0.75)     0.55 (0.38, 0.59)                                                  0.66 (0.57, 0.75)

                        Ch 5: posterior lower   Right   0.52 (0.31, 0.69)     0.54 (0.31, 0.68)                                                  0.68 (0.46, 0.86)

                        Ch 6                    Left    0.55 (0.41, 0.70)     0.55 (0.41, 0.79)                                                  0.69 (0.53, 0.78)

                        Ch 7: trachea           --      0.98 (0.77, 1.17)     1.20 (0.77, 1.61)                                                  1.17 (0.88, 1.64)
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** *p*-values vs healthy volunteers:

*p*\<0.001,

*p*\<0.01,

*p*\<0.05; *p*-values vs %*V*~50~≥80% asthmatic subjects:

*p*\<0.05,

*p*\<0.01. Ch 1, right anterior chest; Ch 2, left anterior chest; Ch 3, right posterior upper; Ch 4, left posterior upper; Ch 5, right posterior lower; Ch 6, left posterior lower; Ch 7, trachea.

**Abbreviations:** Ch, channel; Med, median; *E/I*, expiration-to-inspiration sound pressure ratio.

###### 

Correlation of *E/I*, *E*~SPL~, and *I*~SPL~ values with spirometry, PC~20~, and FeNO data in each frequency band (n=22)

  Recording location   Parameters      Expiration/inspiration (*E/I*)   Expiration sound pressure level (*E~SPL~*)   Inspiration sound pressure level (*I*~SPL~)                                                                                                                 
  -------------------- --------------- -------------------------------- -------------------------------------------- --------------------------------------------- -------- ------- ------- ------- ------ ------- ------ ------- ------ ------- ------- ------- ------- ------- -------
  Ch 1                 FEV~1.0~/FVC    −0.49                            0.025                                        −0.50                                         0.021    −0.30   0.19    0.01    0.97   0.11    0.63   0.04    0.88   0.17    0.45    0.14    0.55    0.11    0.65
                       FEV~1.0~%pred   −0.47                            0.032                                        −0.39                                         0.08     −0.09   0.70    0.19    0.41   0.08    0.73   −0.11   0.64   0.22    0.33    0.09    0.69    −0.01   0.96
                       *V*~50~%pred    −0.54                            0.011                                        −0.63                                         0.002    −0.26   0.26    0.14    0.55   0.14    0.54   0.01    0.98   0.23    0.31    0.17    0.47    0.09    0.69
                       *V*~25~%pred    −0.41                            0.06                                         −0.46                                         0.034    −0.20   0.38    0.11    0.64   0.07    0.78   −0.01   0.98   0.11    0.64    0.05    0.82    0.04    0.86
                       logPC~20~       −0.53                            0.021                                        −0.37                                         0.11     −0.02   0.95    −0.06   0.81   0.07    0.77   0.08    0.75   0.22    0.36    0.25    0.30    0.15    0.54
                       FeNO            0.41                             0.06                                         0.42                                          0.06     0.07    0.76    0.09    0.69   −0.04   0.87   −0.26   0.25   −0.15   0.51    −0.21   0.36    −0.23   0.31
  Ch 2                 FEV~1.0~/FVC    −0.38                            0.09                                         −0.55                                         0.010    −0.15   0.51    −0.09   0.70   −0.02   0.92   −0.08   0.72   0.27    0.24    0.28    0.21    0.09    0.71
                       FEV~1.0~%pred   −0.12                            0.59                                         −0.46                                         0.035    −0.02   0.93    0.32    0.16   0.11    0.63   −0.07   0.75   0.31    0.17    0.19    0.41    −0.01   0.97
                       *V*~50~%pred    −0.47                            0.03                                         −0.71                                         0.0003   −0.18   0.43    0.09    0.69   0.07    0.76   −0.04   0.87   0.39    0.08    0.37    0.10    0.18    0.45
                       *V*~25~%pred    −0.32                            0.16                                         −0.55                                         0.010    −0.10   0.68    0.10    0.65   0.11    0.64   0.01    0.97   0.23    0.32    0.24    0.29    0.19    0.40
                       logPC~20~       −0.23                            0.35                                         −0.56                                         0.013    −0.33   0.17    −0.03   0.90   −0.02   0.93   −0.16   0.51   0.31    0.19    0.34    0.15    0.20    0.41
                       FeNO            0.34                             0.14                                         0.46                                          0.036    0.08    0.73    0.24    0.29   0.12    0.60   0.06    0.80   −0.19   0.40    −0.27   0.24    −0.16   0.47
  Ch 3                 FEV~1.0~/FVC    −0.24                            0.29                                         −0.42                                         0.054    −0.35   0.11    −0.06   0.79   −0.11   0.63   −0.17   0.46   0.12    0.59    0.10    0.67    −0.10   0.67
                       FEV~1.0~%pred   0.16                             0.49                                         −0.02                                         0.94     0.02    0.95    0.24    0.29   −0.05   0.84   −0.06   0.80   0.01    0.95    −0.11   0.64    −0.16   0.48
                       *V*~50~%pred    −0.05                            0.84                                         −0.26                                         0.24     −0.17   0.44    0.14    0.54   −0.02   0.93   −0.07   0.75   0.11    0.62    0.07    0.77    −0.09   0.68
                       *V~25~*%pred    −0.15                            0.51                                         −0.30                                         0.17     −0.27   0.22    0.18    0.41   0.05    0.81   0.02    0.93   0.17    0.46    0.11    0.63    0.03    0.91
                       logPC~20~       −0.31                            0.19                                         −0.24                                         0.31     −0.11   0.65    0.00    1.00   0.12    0.61   0.25    0.29   0.28    0.23    0.25    0.30    0.26    0.27
                       FeNO            0.28                             0.21                                         0.21                                          0.36     0.13    0.57    0.27    0.22   0.05    0.82   −0.02   0.92   −0.06   0.78    −0.15   0.52    −0.05   0.81
  Ch 4                 FEV~1.0~/FVC    −0.43                            0.046                                        −0.50                                         0.018    −0.39   0.077   0.09    0.70   0.00    0.98   −0.12   0.59   0.44    0.042   0.25    0.26    0.03    0.89
                       FEV~1.0~%pred   −0.16                            0.46                                         −0.23                                         0.30     −0.23   0.31    0.26    0.24   −0.08   0.71   −0.16   0.49   0.20    0.38    −0.05   0.81    −0.06   0.80
                       *V*~50~%pred    −0.37                            0.10                                         −0.50                                         0.017    −0.41   0.062   0.24    0.28   0.08    0.74   0.01    0.96   0.42    0.05    0.22    0.32    0.15    0.52
                       *V*~25~%pred    −0.36                            0.10                                         −0.47                                         0.026    −0.45   0.038   0.27    0.23   0.16    0.48   −0.02   0.91   0.40    0.07    0.24    0.29    0.09    0.70
                       logPC~20~       −0.14                            0.56                                         −0.32                                         0.17     −0.32   0.17    0.07    0.77   0.30    0.20   0.25    0.29   0.36    0.11    0.49    0.030   0.39    0.087
                       FeNO            0.50                             0.018                                        0.49                                          0.020    0.37    0.094   0.10    0.65   −0.25   0.26   −0.33   0.13   −0.47   0.029   −0.59   0.004   −0.48   0.023
  Ch 5                 FEV~1.0~/FVC    −0.51                            0.014                                        −0.63                                         0.002    −0.48   0.03    −0.11   0.62   −0.13   0.56   −0.20   0.37   0.24    0.28    0.23    0.29    −0.01   0.95
                       FEV~1.0~%pred   −0.06                            0.79                                         −0.18                                         0.42     −0.29   0.18    0.25    0.25   0.23    0.29   0.01    0.96   0.19    0.39    0.20    0.37    0.17    0.44
                       *V*~50~%pred    −0.32                            0.15                                         −0.52                                         0.014    −0.41   0.06    0.18    0.42   0.16    0.48   −0.01   0.96   0.44    0.041   0.39    0.07    0.17    0.44
                       *V*~25~%pred    −0.31                            0.15                                         −0.55                                         0.008    −0.55   0.01    0.14    0.53   0.06    0.78   −0.16   0.46   0.34    0.12    0.32    0.15    0.14    0.52
                       logPC~20~       −0.49                            0.030                                        −0.27                                         0.25     −0.34   0.15    0.05    0.82   0.09    0.71   0.17    0.48   0.38    0.10    0.34    0.14    0.25    0.28
                       FeNO            0.54                             0.010                                        0.23                                          0.30     0.06    0.80    0.27    0.22   0.16    0.47   −0.10   0.67   −0.07   0.76    −0.05   0.81    −0.01   0.95
  Ch 6                 FEV~1.0~/FVC    −0.62                            0.002                                        −0.58                                         0.005    −0.36   0.10    −0.14   0.53   −0.06   0.80   −0.07   0.75   0.25    0.26    0.19    0.39    0.06    0.78
                       FEV~1.0~%pred   −0.27                            0.23                                         −0.33                                         0.13     −0.27   0.23    0.19    0.38   0.20    0.38   0.00    1.00   0.25    0.27    0.24    0.29    0.15    0.51
                       *V*~50~%pred    −0.57                            0.006                                        −0.57                                         0.006    −0.30   0.17    0.02    0.92   0.06    0.80   0.00    0.99   0.33    0.13    0.25    0.27    0.11    0.61
                       *V*~25~%pred    −0.52                            0.013                                        −0.56                                         0.007    −0.44   0.04    0.09    0.69   0.07    0.75   −0.07   0.77   0.22    0.32    0.14    0.53    0.09    0.71
                       logPC~20~       −0.30                            0.20                                         −0.45                                         0.049    −0.27   0.26    0.08    0.74   0.11    0.64   0.17    0.48   0.33    0.16    0.37    0.11    0.26    0.27
                       FeNO            0.49                             0.021                                        0.46                                          0.032    0.05    0.83    0.30    0.17   0.13    0.56   −0.10   0.65   −0.13   0.56    −0.15   0.51    −0.06   0.77
  Ch 7                 FEV~1.0~/FVC    0.01                             0.97                                         −0.04                                         0.87     −0.18   0.42    −0.29   0.19   −0.19   0.41   −0.28   0.21   −0.19   0.40    −0.15   0.49    −0.17   0.46
                       FEV~1.0~%pred   −0.19                            0.41                                         −0.12                                         0.60     0.09    0.68    0.32    0.15   0.25    0.26   0.14    0.55   0.43    0.047   0.37    0.094   0.33    0.13
                       *V*~50~%pred    0.01                             0.98                                         −0.01                                         0.96     −0.03   0.88    0.04    0.85   0.10    0.67   −0.02   0.92   0.15    0.52    0.17    0.45    0.15    0.51
                       *V*~25~%pred    0.00                             0.99                                         −0.06                                         0.80     −0.12   0.59    −0.12   0.61   −0.12   0.60   −0.25   0.27   −0.04   0.85    −0.03   0.90    −0.07   0.76
                       logPC~20~       −0.20                            0.40                                         −0.21                                         0.37     −0.16   0.51    −0.04   0.87   −0.04   0.86   0.08    0.75   0.06    0.80    0.05    0.82    0.10    0.68
                       FeNO            0.17                             0.46                                         0.18                                          0.43     0.28    0.21    0.36    0.10   0.18    0.43   0.13    0.56   0.22    0.32    0.20    0.37    0.16    0.49

**Notes:** Ch 1, right anterior chest; Ch 2, left anterior chest; Ch 3, right posterior upper; Ch 4, left posterior upper; Ch 5, right posterior lower; Ch 6, left posterior lower; Ch 7, trachea.

**Abbreviations:** %pred, %predicted; *E/I*, expiration-to-inspiration sound pressure ratio; *E*~SPL~, expiration sound pressure level; *I*~SPL~, inspiration sound pressure level; PC~20~, provocative concentration of acetylcholine causing a 20% decrease in FEV~1.0~; FeNO, fractional exhaled nitric oxide concentration; FEV~1.0~, forced expiratory volume in 1 second; FVC, forced vital capacity.

###### 

Differences in *E/I* MF among recording points in asthmatic subjects

  ROC                                                Anterior chest   Posterior upper   Posterior lower                                                
  ----------------------------- -------------------- ---------------- ----------------- ----------------- -------------- -------------- -------------- ------------------------
  AUC                                                0.82             0.77              0.81              0.67           0.76           0.75           --
   (Sensitivity, specificity)                        (0.81, 0.70)     (0.73, 0.75)      (0.82, 0.80)      (0.59, 0.65)   (0.64, 0.75)   (0.68, 0.70)   --
   Cutoff                                            0.51             0.50              0.50              0.50           0.40           0.47           --
  **FeNO**                      **Subject number**                                                                                                     ***V*~50~%pred \<80%**
   \<38 ppb                     1                    **0.57**         0.30              **0.94**          0.27           **0.60**       0.37           --
                                2                    **0.73**         **0.71**          **0.79**          **0.84**       **0.60**       **0.58**       Yes
                                3                    **0.58**         **0.58**          **0.51**          0.42           0.38           **0.54**       --
                                4                    0.43             0.20              0.35              0.27           0.22           0.29           --
                                5                    0.41             0.43              **0.54**          0.44           **0.50**       **0.61**       --
                                6                    **0.61**         **0.51**          **0.58**          **0.55**       0.39           0.44           Yes
                                7                    0.50             0.31              0.32              0.32           0.25           0.35           --
   38--69 ppb                   8                    **0.71**         **0.94**          **0.66**          **0.71**       **0.95**       **0.69**       Yes
                                9                    0.44             0.23              0.48              0.22           0.35           0.25           --
                                10                   **0.63**         0.37              0.40              0.45           0.34           0.35           --
                                11                   **0.67**         **0.59**          **0.56**          **0.51**       **0.67**       **0.69**       Yes
                                12                   **0.63**         ND                **0.59**          0.34           0.34           0.33           --
   ≥70 ppb                      13                   ND               **0.61**          **1.05**          **0.86**       **0.87**       **0.69**       Yes
                                14                   **0.62**         **0.56**          **0.66**          0.44           **0.46**       **0.47**       Yes
                                15                   **1.26**         **0.89**          **0.93**          **0.75**       **0.55**       **0.55**       Yes
                                16                   **0.70**         **0.78**          **0.50**          **0.50**       0.37           0.33           Yes
                                17                   **0.72**         **0.66**          **0.62**          **0.53**       **0.59**       **0.72**       Yes
                                18                   **0.89**         **0.68**          **0.70**          **0.81**       **0.70**       **0.78**       Yes
                                19                   **0.53**         0.46              **0.51**          **0.64**       **0.58**       **0.69**       Yes
                                20                   **0.91**         **0.66**          **0.77**          **0.71**       0.49           **0.69**       Yes
                                21                   **0.68**         **0.66**          **0.78**          **0.85**       **0.69**       **0.84**       Yes
                                22                   **0.58**         **0.55**          **0.59**          **0.59**       **0.40**       **0.48**       --

**Note:** Bold values are greater than the cutoff value.

**Abbreviations:** %pred, %predicted; ROC, receiver operating characteristic; AUC, area under the curve; *E/I*, expiration-to-inspiration sound pressure ratio; MF, mid frequency; FeNO, fractional exhaled nitric oxide concentration; ND, not done.
